Abstract: The significant increase in natural/shale gas production in the US is causing major changes in the chemical and petrochemical markets. These changes include the increased supply of methanol and the decreased supply of propylene. As such, there are promising opportunities for methanol-to-propylene processes in the US. This paper provides a top-level techno-economic analysis of two pathways: methanol to olefins (MTO) and methanol to propylene (MTP). Base-case scenarios are simulated using ASPEN Plus to obtain the key mass and energy balances as well as design data. For each process, two scenarios are considered for the feedstock: buying methanol versus making it from natural gas. The return on investment (ROI) is calculated for both processes under broad ranges of the prices of natural gas, methanol, and products. In addition to the techno-economic analysis, the CO 2 emissions are evaluated and compared.
Introduction
The recent and substantial discoveries of shale gas in the US are creating a high impact on the chemical industry. Substantial investments are expected to be made by chemical companies to monetize OPEN ACCESS shale gas [1] . These investments will be in the form of new plants, retrofitted processes, and integrated eco-industrial parks [2, 3] . One of the primary products to be made from shale gas is methanol [4] . Several new methanol plants are anticipated in the US Gulf Region (especially in Texas and Louisiana) with record capacities [5] . The additional supply of methanol will create opportunities for the costeffective manufacture of various chemicals such as olefins, formaldehyde, dimethyl ether, MTBE, and acetic acid [2, [6] [7] [8] . Olefins are among the various possible intermediates and final products that will be highly influenced by the downstream processing of shale gas. Not only will there be additional supplies of methanol that can be converted to olefins but also the future supply and demand of olefins make them particularly attractive products. While the escalating demand for olefins continue around the world (to make polymers, fibers, and other chemicals), the supply of olefins (especially propylene) is likely to be significantly reduced because of shale gas processing. Until recently, about 88% of propylene was obtained as a byproduct of steam cracking of naphtha to produce ethylene and fluid catalytic cracking to product gasoline [9] . As the majority of ethylene manufacturers in the US substitute naphtha with ethane (from shale gas) as the feedstock for ethylene production, propylene co-production from ethylene plants will be essentially eliminated. This switch is expected to create a substantial gap in propylene supply while the demand is expected to grow [10] . In order to deal with this growing gap, there has been a growing interest in "on-purpose" production of propylene especially [9] . There are several possibilities for on-purpose production of propylene including propane dehydration (PDH), metathesis, methanol-toolefin (MTO) and methanol-to-propylene (MTP). The different process routes to produce propylene are represented in Figure 1 . Motivated by the increasing supplies of methanol from shale gas and the decreasing supply of propylene in the US market, this paper focuses on assessing two options for producing propylene from methanol: MTP and MTO. Compared to the more established routes for producing propylene, both MTP and MTO are much less commercially mature with no commercial installations in the US. The purpose of this paper is to provide a top-level techno-economic and environmental analysis for the MTO and MTP processes. A base-case flowsheet is first developed for each process then simulated to identify the key technical and design data. Next, a high-level economic analysis is carried out. Estimates of greenhouse gas emissions are also developed. Based on the US market conditions, a sensitivity analysis is conducted for several scenarios.
Base-Case Process Description
To obtain a basis to evaluate the economic viability and the environmental impact of the methanol related processes to produce propylene, the UOP/Hydro MTO process with a combined Olefin Cracking Process (OCP) by Total and the Lurgi MTP process were selected as the basis for the process flowsheets. Because of the lack of detailed data about these processes, key information were extracted from the publicly available literature then an ASPEN Plus simulation model was developed to detail input/output data and the design information. As such, the results obtained in this paper should be regarded as sample findings for MTO and MTP and not necessarily representing the performance of the processes developed by UOP/Hydro, Total, or Lurgi.
The UOP/Hydro MTO Process
First, we provide a brief description of the UOP/Hydro MTO process and the Lurgi MTP process. Both processes consist of three main sections: (1) methanol production; (2) methanol to olefin reaction; and (3) product purification and separation. The first section is omitted if methanol is to be purchased and to be the feedstock to the plant. The simulation and techno-economic data for the methanol production from shale gas have been provided in literature [4] . The reaction for MTO can be shown in two steps [11] . The first step is the conversion of methanol to dimethyl ether (DME) and water:
Next, DME is converted to both ethylene and propylene. The ratio between ethylene and propylene production depends on the catalyst, reaction parameters and the technology.
The UOP/Hydro MTO process can achieve almost complete conversion of methanol and can provide 80% yield from methanol to ethylene and propylene [12] . The MTO process converts crude methanol to olefins, which results in savings for a methanol purification section. Figure 2 shows the Advanced MTO process, which is a combination of the UOP/Hydro MTO process and the Olefin Cracking Process (OCP) by Total. Figure 2 . Process flow diagram methanol-to-olefins process [13, 14] .
The reaction takes place on a SAPO-34-type zeolite catalyst in a fluidized-bed reactor. The catalyst is deactivated over time by the building of coke, which is why a portion of the spent catalyst is continuously removed from the reactor to a regeneration reactor. Air or oxygen is introduced to that regeneration reactor so that the catalyst can be regenerated by building carbon oxides [15] . The product stream leaving the reactor is fed to a separation section to remove water and to recover non-reacted DME. The olefin rich stream is then passed to a fractionation section that separates the mixture into the desired ethylene and propylene streams as well as a fuel gas stream and a stream that consists of medium boiling hydrocarbons. According to the needs, the ratio between propylene and ethylene produced by the reaction can be adjusted in a range [16] of about 1.3 to 1.8. Since the focus of this paper is to examine the propylene production, a ratio of 1.8 is chosen to ensure a high propylene yield.
The heavier hydrocarbon stream leaving fractionation is fed into a cracking zone to provide another source for ethylene and propylene production. The product stream of the cracking section is separated into high boiling hydrocarbons, which are removed from the process and an olefin rich stream which is re-routed to fractionation.
The Lurgi MTP Process
The Lurgi MTP process [17] converts methanol to propylene ( Figure 3 ). Crude methanol has to be purified prior to the reaction. Thus, in contrast to the MTO process an additional distillation column has to be added to the process. The purified methanol is then routed to a first reactor, the DME reactor, where methanol is converted to DME and water. This stream is then further routed to the reaction section.
Reaction Section

Methanol
Catalyst
Regeneration
Air
Carbon Oxides
Water DME Recovery
Fractionation
Separation
High boiling Hydrocarbons C 4 + Fraction
Propylene Ethylene
Cracking Section
Fuel Gas
Separation Figure 3 . Process flow diagram methanol-to-propylene process [17] .
The olefin reaction takes place on a zeolite-based catalyst (ZSM-5) in a fixed bed reactor. To maintain the process conditions over the reactor, five or six catalyst beds are used [18] . For catalyst regeneration, the reaction zone consists of three reactors, which are operated in parallel. One of them is in stand-by mode to remove the formed coke by introducing air. The product stream is directed to the separation section where water is removed and rerouted to the reaction section. After product conditioning, the product stream is routed to fractionation. There, the product stream is split up into the desired products propylene and gasoline as well as LPG and fuel gas. A stream of medium boiling hydrocarbons is rerouted from fractionation to the reaction section to improve the yield of propylene.
Significant Differences between MTO and MTP
The first difference between the two processes is the desired product. Whereas MTO claims ethylene as well as propylene as desired product, MTP is designed to produce mainly propylene and a smaller amount of gasoline.
According to the process itself, the second main difference between the processes is the type of reactor. The MTO uses a fluidized-bed reactor, which is favorable with respect to the exothermic reaction so that the released heat can be removed faster. Moreover, the spent catalyst can be regenerated easily by continuously removing a part of the catalyst from the reactor and reroute it back after regeneration. However, the fluidized-bed implies the presence of a stable catalyst, which had to be developed for these special conditions. On the other hand, MTP uses a fixed-bed reactor. The difficulty with respect to the heat of reaction is overcome by using multiple catalyst beds and introduction of fresh reactants after each bed. A fixed-bed reactor is easier to scale-up, has lower investment costs and provides higher product selectivity due to the uniform resistant time of the reactants. An important difference between the two processes is the feedstock. Whereas MTO can use crude methanol, the methanol for MTP has to be purified prior to the reaction. This results in additional investment costs for MTP compared to MTO. 
Process Simulation and Analysis
In order to develop the details necessary for the techno-economic analysis, the MTO and MTP processes were modeled using ASPEN Plus computer-aided simulation. The flowsheets created for simulating both processes are shown by Figures 4 and 5 . It is worth noting that the objective was not to replicate the UOP/Hydro or Lurgi processes. Instead, these flowsheets were developed to capture the essence of MTO and MTG processes and to provide results for sample processing routes with typical values of key design and operating parameters used in these process. The results from the process simulation were exported to ASPEN's Process Economic Analyzer and supplemented with literature data [4, 19, 20] . For each process, two scenarios were considered for the feedstock: buying methanol and manufacturing methanol from natural gas. The techno-economic data for natural gas conversion to methanol were taken from literature [4] . The main feedstock and product flows for the base cases are shown by Table 1 . The base-case plant capacities were taken in the ranges of proposed commercial operations [5, 20] . For the base case, the following prices were used: $450, 1300, 1300, and 885/ton of methanol, propylene, ethylene, and gasoline, respectively. A sensitivity analysis for these prices will be carried out later. The time basis for the calculations is January 2015. A summary of the key economic results is given by Next, the return on investment (ROI) for the four scenarios shown in Table 1 was calculated. The calculations assumed a ten-year linear deprecation scheme, a 30% tax rate, and the working capital investment (WCI) to be 15% of the fixed capital investment (FCI). Two different types of sensitivity analyses were carried out to assess the impact of feedstock prices and the product selling prices on the ROI. For the MTO process ethylene and propylene were considered as products, whereas for the MTP process, propylene and gasoline were considered as products. Both products were weighted with the corresponding production amount of the base case process to determine the combined product selling price. Figure 6a ,b show the ROI trends for both MTO and MTP, respectively, over a range of methanol prices and for different product selling prices. When methanol prices are very low (~$300/ton), the ROI is quite attractive (40%-65%) for both processes. A more realistic price range for methanol is between $400-500 per ton. For this range, the ROI for both processes becomes strongly influenced by the selling price of the products. When the product selling prices are relatively low (e.g., $1200/ton for MTO and $1130/ton for MTP the ROI for a methanol price of $400/ton is about 10% which is barely acceptable. This is a particularly important issue for the MTO process if the ethylene prices drop. For instance, if the propylene price remains at $1300/ton but the ethylene price drops to $800/ton, the weighted average selling price of the two product drops to $1120/ton which makes the ROI slightly below the minimum acceptable level of 10% at a methanol price of $400/ton. At a methanol price of $600/ton, both processes are economically infeasible. It is also worth noting that heat integration may be applied to both processes. A recent study [4] presented a detailed analysis of the heat integration options for the methanol-making [10] option of the process. The same approach was extended for the methanol-buying options of the process. An enhancement of less than 1% in ROI was observed for all tested scenarios.
(a) (b) Figure 6 . Sensitivity analysis for the ROI of MTO (a) and MTP (b) for product selling prices over a range of methanol purchased costs.
If an ROI of 15% is considered to be economically viable, the MTO process can operate economically with a methanol purchase price between $390-470 per ton depending on the product selling price. Rather similarly, the MTP process can operate economically (with 15% ROI) within a range of a methanol purchase price of $380-460 per ton depending on the product selling price.
A recent study [4] used a methanol selling price of $600/ton for a base-case analysis to convert natural gas (priced at $3.50/MM Btu) to methanol. As mentioned earlier, the results of Figure 6 show that the $600/ton of purchased methanol leads to economic infeasibility of MTO and MTP. Therefore, we next consider the case of integrating a natural gas-to-methanol plant with MTO or MTP. The sensitivity analysis is carried out for a natural gas price range of $2.00-8.00/MM BTU. The ROI trends are shown in Figure 7a ,b. The results show that both the MTO and the MTP are economically viable over natural gas prices ranging from $2.00 to 8.00/MM BTU ($1.89 to 7.58/10 9 J).
(a) (b) Figure 7 . Sensitivity analysis for the ROI of MTO (a) and MTP (b) when natural gas is the feedstock for product selling prices over a range of natural gas purchased costs. If an ROI of 15% is desired, both the MTO and the MTP process can operate economically if the natural gas purchased price is between $4.80-7.00 per MMBTU for the different combined product prices. This is a reasonable range for the price of natural gas as reflected by the spot prices reported over the period of May 2013-May 2015 [21] .
Environmental Impact
The emission of CO 2 is utilized to examine the environmental impact of each process. Based on the simulation results and literature data [20] (e.g., the carbon emissions are calculated based on actual CO 2 emissions and energy-related emissions with the system boundary being the process itself (inside and outside the battery limit to include utilities). The resulting CO 2 -emissions are given in Table 3 as annual CO 2 -emissions as well as two normalized values for CO 2 -emissions (per ton of product and per ton of propylene). The allocation method based on the relative flowrates of the products was used. The analysis shows that there is a difference in the environmental impact for both processes. Concerning the total annual emission, the MTP process emits about 12% more than the MTO process, but the product types and flows are different. Therefore, another perspective is to consider the normalized emissions per ton of product or ton of propylene. Here, the MTP process produces less emissions both per ton of total product (−3%) and per ton of propylene (−30%). The latter result is skewed in favor of the MTP process because the primary product is propylene. These differences along with the possibility for carbon capture and sequestration should be further pursued if there is interest or regulation pertaining to the carbon footprint of the process.
Conclusions
A top-level simulation and techno-economic analysis were carried out to examine the feasibility of two processes to produce propylene: the MTO and the MTP. A base-case simulation was conducted for each process. Two scenarios were considered for the feedstock: buy versus make methanol (from natural gas). When the purchased prices of methanol are relatively low, both processes are viable. Nonetheless, as the price of methanol increases to $600/ton, both processes become economically infeasible. The economic aspects are more stable when natural gas is used as the feedstock. Over a broad range of natural gas prices ($2.00-8.00/MMBTU), both processes are economically feasible with an ROI in the range of 8%-25% depending on the product selling prices. If an ROI of 15% is desired, both the MTO and the MTP process can operate economically if the natural gas purchased price is between $4.80-7.00 per MMBTU for the different combined product prices. A top-level environmental analysis based on the CO 2 -emissions was carried out. On a normalized basis (per ton of combined products or ton of propylene), the MTP process shows less emissions. Further improvement of the economic and environmental aspects may be achieved by applying process integration techniques.
Simulation Results
This appendix provides detailed information on the stream data resulting from ASPEN Plus simulation. The reactors were modeled using the RSTIOC modules and the distillation columns were simulated using RADFRAC modules. The compressors were modeled as isentropic 
